The time courses of changes in pHI and cytosolic calcium were compared in isolated perfused rabbit hearts with the use of the calcium-sensitive fluorescent indicator indo-1 and the pH indicator 2',7'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF). Cell-permeant forms of these indicators were loaded into myocytes by arterial infusion or by direct infusion into the extravascular space. Indo-1 fluorescence was recorded from the epicardial surface of the left ventricle at an excitation wavelength of 360 nm and emission wavelengths of 400 and 550 nm. BCECF fluorescence was recorded at an excitation wavelength of 490 nm and an emission wavelength of 530 nm. Calibration procedures were developed for each indicator that allowed [Ca2"], and pHi to be quantified during ischemia. Global ischemia decreased contractility and caused a rapid increase in both the systolic and end-diastolic levels of the calcium transients. 
peak systolic level of the calcium transients.6,7 A resting [Ca2"]i increase has also been recorded in acidified cardiac fibers impaled with calcium-selective intracellular electrodes.8 These observations have fueled speculation that acidification of the cytoplasm during ischemia may contribute to, or perhaps wholly explain, the concomitant increase in [Ca2+1i. [9] [10] [11] In the present study we used cell-permeant fluorescent indicators to obtain measurements of pHi and [Ca2+] i from the left ventricular surface of rabbit hearts during global ischemia and during perfusion with C02-enriched saline. pHi was measured with 2 ',7 ' -bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF),12-14 whereas [Ca2+i] was measured with indo-1. The indo-1 method was refined to permit conversion of fluorescence to [Ca2+] i and to allow examination of whether the increase in diastolic [Ca2]i during ischemia reflects changes occurring in the cardiac myocytes. These measurements confirm that cytoplasmic acidification can contribute to the decrease in contraction strength and the increase in [Ca2]i during the first 15 minutes of ischemia. However, the early elevation of myocyte calcium transients during the first 2 minutes of ischemia cannot be accounted for by cytoplasmic acidification and must therefore be due to other causes.
Materials and Methods Isolated Heart Preparation
Male albino New Zealand rabbits (1.8-2.2 kg) were killed by cervical dislocation. The heart was rapidly removed and perfused with a saline solution via the aorta at a constant flow rate of 20-30 ml/min. The perfusate contained (mM) NaCl 115, KCl 4.7, CaCl2 2.0, MgCl2 0.7, NaHCO3 28, NaH2P04 0.5, glucose 20, and probenecid 0.3 as well as insulin (10 units/l) and bovine serum albumin (40 mg/l). The pH was adjusted to 7.4 . Probenecid has been shown to prevent loss of tetracarboxylate fluorescent indicators from cells by blocking an organic anion transport system.15 The buffer was equilibrated with 95% 02-5% CO2 and heated to maintain the heart at 30+ 1°C. Left ventricular pressure was recorded with an isovolumic intracavitary latex balloon containing a fiberoptic pressure transducer (Camino Laboratories). The cannulated latex balloon was inserted through the mitral orifice of the left ventricle. The cannula was secured by sutures placed at the lower left atrium. A syringe filled with deaerated water was attached to the cannula and was used to fill the balloon. The heart was paced at 180 beats/min using an epicardial plunge electrode placed in the right ventricle. Optical Recording Apparatus Calcium transients were recorded from the epicardial surface of the left ventricle as previously reported.1 Illumination from a 100 W mercury vapor lamp was filtered at 360±5 nm and directed via a silica fiberoptic cable onto the surface of the heart. The fiberoptic cable was attached to the heart by a plastic sleeve and rubber girdle to minimize relative motion. Ultraviolet illumination was confined to a circular region on the left ventricular epicardial surface 1 cm in diameter. Fluorescence emissions were collected by a ring of eight coaxial fiberoptics and were directed through a beam splitter into two photomultipliers (Hamamatsu) fitted with optical band-pass filters (400±5 and 550±5 nm). The output of the photomultipliers was passed into an electronic ratio circuit to obtain the fluorescence ratio (F400/F550).
The output of the ratio signal was filtered by a low-pass filter at settings of Hz and recorded on a strip-chart recorder.
Vascular and Extravascular Loading Techniques
Indo-1 AM was solubilized in anhydrous dimethyl sulfoxide containing pluronic F-127 (25% wt/vol) and infused at a final concentration of 2.5 ,uM with 5% fetal calf serum. Initial experiments were performed in hearts that had been perfused with indo-1 AM for 30 minutes followed by a 30-minute washout to eliminate extracellular indo-1 AM. High-quality calcium transients were obtained by this technique, but several factors suggest that much of the total fluorescence arose from nonmyocytes. 1) The total fluorescence at 400 and 550 nm is 14-to 20-fold greater than the net amplitude of the calcium transients.12 A baseline fluorescence of this magnitude is not expected from single myocyte experiments or from the in vitro spectra of indo-1.
2) The maximum calciumdependent fluorescence level, determined with high calcium and ionophore concentrations, is also too large in relation to the calcium transients.' 3) Infusion of bradykinin (10-5 M) into the heart produced a parallel shift in the systolic and diastolic levels of the calcium transients, even though bradykinin (10`5 M) had no effect on [Ca2]i in isolated rabbit ventricular myocytes (M. Lauer, unpublished observations).
Bradykinin is known to increase [Ca21i in vascular endothelial cells, and therefore, uptake of indo-1 AM by endothelium could explain the effects of bradykinin on surface fluorescence in the intact heart.16
To minimize the uptake of indo-1 AM by endothelial cells, indo-1 AM was introduced directly into the extravascular space by intramyocardial infusion. A 25-gauge hypodermic needle was inserted 1-2 mm beneath the epicardium of the left ventricle, at the site where the fiberoptic cable was attached. Solution containing indo-l AM was then infused by a syringe pump at 0.5 ml/min for 30 minutes. An additional period of 30 minutes was allowed for removal of indo-1 AM after the syringe pump was turned off. This method produced a bright region of localized fluorescence 6-10 mm in diameter from which calcium transients could be recorded.
The extent of nonmyocyte fluorescence in hearts loaded by the extravascular infusion was tested with bradykinin (10-5 M) . The response of the calcium transient to bradykinin was reduced by extravascular loading and could be eliminated completely by pretreatment of the heart with a low concentration of ionomycin. Infusion of 100 nM ionomycin caused a parallel upward shift in the peak and baseline levels of the calcium transients, similar to that produced by bradykinin. This response was not due to fluorescence changes in myocytes, because diastolic ventricular pressure did not increase. Addition of i0-`M bradykinin in the presence of ionomycin had no effect on the calcium transients. The bradykinin response was also blocked by ionomycin in cultured rat aortic endothelial cells containing indo-1 (authors' unpublished observations).
We infer that elevation of endothelial [Ca2+] In some experiments, indo-1 AM and BCECF AM were loaded simultaneously for 30 minutes followed by a 30-minute washout. Two sets of similar fiberoptic cables were used for recordings of calcium transients and pHi. These sets of cables were positioned so that they recorded from adjacent 1-cm regions of the left ventricular surface. Optical interference between the cable systems was absent because neither signal was affected by switching on or off the lamp providing excitation to the opposite set of cables. Indo-1 fluorescence was recorded only at 400 nm for these experiments since the 550 nm emissions could be contaminated by fluorescence energy transfer in which light emitted by indo-1 (490 nm) produced secondary excitation of BCECF (excitation, 490 nm; emission, 530 nm). This effect would not be present in the 400 nm emissions since the emission spectrum of BCECF falls off sharply at wavelengths less than 500 nm.14 Recordings at the isosbestic wavelength of indo-1 (430 nm) confirmed that the calcium transients recorded at single wavelengths were essentially free of motion artifact (not shown).
Experimental Intervention
Global ischemia was produced by complete cessation of coronary flow. The temperature of the heart during ischemia was maintained at 30+ 1°C by the use of a humidified warm-air convection system. Acidosis was produced by perfusion of the heart with a hypercarbic saline solution as described previously.2 The hypercarbic saline solution was equilibrated with oxygen and varying amounts of CO2 to obtain pH values at graded intervals between 6.3 and 7.4. The Pco2, Po2, and pH of the hypercarbic solutions were measured with a blood gas analyzer (Corning Instruments) before infusion into the heart. All recordings were displayed on a Gould-Brush strip-chart recorder.
Chemicals
Probenecid, nigericin, and bovine serum albumin were obtained from Sigma Chemical Co., St. Louis, Mo. Probenecid was initially dissolved as 100 mg/ml 1N NaOH. This solution was further diluted 1:1,000 with saline solution and was used throughout the experiment. Nigericin was initially dissolved in ethanol to yield a stock solution of 10-3 M, which was further diluted in 1 
Statistics
All data are presented as mean+SEM. Statistical significance was determined using Student's t test.
Results
Isolated perfused rabbit hearts loaded with indo-1 produce calcium transients that are very similar to those observed in isolated myocytes. Figure 1 shows beat-to-beat changes in indo-1 fluorescence recorded from the epicardial surface of the left ventricle. For this recording indo-1 AM was infused into the extravascular space within the field of the optical probe.
Resulting calcium transients had rapid upstrokes and a slight distortion of the falling phase, which is due to motion artifact and is canceled in the ratio. Compared with those in arterially loaded hearts, calcium transients obtained by extravascular infusion of indo-1 AM are twofold to threefold larger in proportion of total fluorescence. Thus, the transients shown in Figure The effects of ischemia were studied in hearts loaded with indo-1 by the extravascular route that did not respond to bradykinin. Figure 5 The effects of longer periods of ischemia were also examined. Figure 7 shows the peak systolic value of the calcium transient during 15 less than 3% of the total signal, which is substantially smaller than the fluctuations related to pH. The ability of BCECF to monitor pHi in the intact heart could be confirmed by perfusion of the heart with C02-rich saline. As shown in Figure 8 , perfusion with hypercarbic saline (pH 6.16) produced a rapid decrease in contractility, which occurred synchronously with the increase in BCECF fluorescence. Calibration of the fluorescence recording shows that pH, reached a steady-state value of 6.0 after about 1 minute of perfusion with hypercarbic saline and returned to baseline value when perfusion with normal saline solution was resumed. Of particular importance is the fact that very small changes in pH, (less than 0.1 unit) can substantially diminish contraction strength. Figure 9 shows the effects of 15 minutes of global ischemia on left ventricular pressure (top tracing) and pHi (bottom tracing) in an isolated rabbit heart. The pHi of the heart under normal conditions was 7.08±0.04 (n=10), which is in good agreement with the pHi recorded in cardiac muscle by other methods.5 When the heart was made ischemic, both pHi and contraction strength promptly declined with a similar time course, suggesting that they are causally related. (t=0) Figure 1lA is similar to values obtained after 2 minutes of ischemia (6.83 ±0.02 in Figure 10 ). This observation suggests that the decrease in pH, cannot explain the elevation of the calcium transients that occurs during the first 2 minutes of ischemia. In contrast, a reduction of pHi of the magnitude shown would be sufficient to reduce contraction strength during the initial minutes of ischemia. The experiment in Figure 1lA shows an excellent temporal correlation between pHi and the reversible decrease in contraction strength. Furthermore, the absence of any change in the calcium transients suggests that the decrease in contraction strength may be due to a direct effect of pHi on the myofilaments.
The result in Figure 11A suggests that for any given heart, there is a threshold change in pHi at Figure 1lA . The greater acidification in Figures 11B and 12 produces elevation of both systolic and diastolic
[Ca2"]i along with broadening of the peak ( Figure   12 ). However, there is a delay in the effects of pHi on the calcium transients so that no elevation of the transients occurs until 45 seconds after pHi has begun to decline. Furthermore, changes in the calcium transient occur slowly so that an additional 2.5 minutes is required for the full effect to become apparent ( Figure 12 ). These observations confirm that the degree of acidification observed during the first 2 minutes of ischemia ( Figure 10) w----rl. Figure I1B but Potential Sources ofArtifact With Indo-1 Two other sources of artifact must be considered in interpreting indo-1 results: a change in myoglobin screening and mitochondrial uptake of indo-1 AM. In the case of myoglobin screening, deoxygenation of myoglobin would increase the perceived fluorescence at 400 nm and decrease the fluorescence at 550 nm. The importance of this effect would depend on light penetration through the tissue. Several observations indicate that changes in screening are not responsible for effects of ischemia on indo-1 fluorescence. First, ischemic trials performed in the absence of indo-1 do not change the F40/ F550 ratio ( Figure 4B of Reference 2). If myoglobin screening were important, the effects of ischemia on the indo-1 fluorescence and autofluorescence ratios should be similar. This point can be made even more clearly if the heart is perfused with cell-impermeant indo-1-free acid, so that indo-1 fluorescence greatly exceeds autofluorescence. Ischemia cannot change the calcium saturation of indo-1 under these conditions, and we observe no significant change in the F400 fluorescence level or in the F400/F550 ratio. This confirms that ischemia does not alter the screening of indo-1 fluorescence in our experiments. Finally, the effect of ischemia on 520 nm emissions has been studied in hearts loaded with indo-1 AM; 520 nm is an isosbestic wavelength for the myoglobin screening effect (R. Balaban, personal communication, 1989) . Ischemia produces a decrease in fluorescence at 520 nm, similar to that observed at 550 nm. This observation further shows that the effect of ischemia on indo-1 fluorescence is not an artifact of tissue screening.
A second source of potential artifact is trapping of indo-1 AM in mitochondria. Although previous studies indicate that very little of the Mn2'-quenchable fluorescence resides in mitochondria (Reference 2), it is still possible that an increase in mitochondrial free calcium could contribute to elevation of the F400/ F550 ratio. Such an event would be of physiological importance insofar as it would represent a net transfer of calcium from other organelles or from the extracellular space. Nonetheless, it is clear from the shape of the transients that at least part of the elevation in baseline during ischemia is due to a rise in cytosolic calcium. Transients recorded during ischemia are falling faster at the onset of the next stimulus than are the preischemic transients (see Figure 6 ). It follows that free calcium in the cytosolic compartment at end diastole is farther away from the resting level during ischemia than during control transients. Figure 7 .
In the present study, we have extended our experiments with indo-1 to longer periods of ischemia. We found that with prolonged ischemia, there is partial decline of the calcium transients from the level observed at 90 seconds, followed by a slow increase between 5 A major conclusion from the simultaneous indo-1 and BCECF recordings is that cytosolic acidification during the first 2 minutes of ischemia is not sufficient to explain the concomitant elevation of the calcium transients. The mean value of pHi observed at 2 minutes of ischemia in Figure 10 is 6.85, which is above the range of values that is associated with elevation of calcium transients (see Table 1 ). Furthermore, the peak values of the calcium transients during 15 minutes of ischemia ( Figure 7 ) have a triphasic time course, which differs from the monotonic decrease in pHi during ischemia (Figure 10 ). One of the factors that could inhibit the response of the myofilaments to calcium is intracellular acidification. Katz and Hecht39 proposed that intracellular acidification is the cause for decreased tension development during ischemia. Using skinned cardiac cells, Fabiato and Fabiato4 showed that acidosis alters myofilament sensitivity to calcium. Part of this inhibitory effect of acidosis results from competition between hydrogen ions and calcium for the calcium binding sites on troponin C. 40 Our experiments support this proposal by showing an excellent temporal correlation between changes in contraction and changes in pHi. In addition, very small changes in pHi (0.1 unit or less) are found to have substantial effects on contraction (see Figure lIA) . Thus, the small changes in pHi that occur during the first 2 minutes of ischemia, while not sufficient to affect the calcium transients, could still inhibit contraction.
The role of cytosolic acidity in ischemic contractile failure has been investigated by Jacobus et a125 using 31P nuclear magnetic resonance. In their study, left ventricular developed pressure was correlated with pHi during acidification of rabbit hearts with CO2 to determine the magnitude of the change in pHi associated with a 50% decline in developed pressure. The mean change in pHi that produced this effect was 0.22 units. In contrast, when prolonged periods of subtotal ischemia were produced, the steady-state change in pHi associated with a reduction in developed pressure of 50% was 0.09 units.
In our study, the disparity noted by Jacobus et al is less apparent. In Figure 11 , for example, the acute change in pHi associated with a 50% reduction in developed pressure is 0.1 unit. The mean value obtained in four hearts exposed to hypercarbic saline is 0.14±0.01 unit. This reduction in pHi is similar to what is seen in the first 2 minutes of ischemia. Thus, for a given pHi value, ischemia and acidosis produce similar impairment of contraction. In spite of this similarity, we cannot conclude that acidosis is the only factor producing contractile failure during ischemia. Analysis is complicated by the elevation of the calcium transients during ischemia, which is greater, at least initially, than that produced by acidosis alone.
